The results of measurements of the corrosion of 10 low-alloy irons and steels exposed to 14 soils for periods up to 13 years are given. The magnitude and progress of corrosion as determined by weight-loss and pit-depth measurements are correlated with the composition of the materials and the nature of the environmental conditions to which the test specimens were exposed.
Introduction
In 1932 the National Bureau of Standards in cooperation with a number of manufacturers and consumers of pipe materials initiated an extensive investigation of the corrosion of certain materials used in underground construction. Examination of the test specimens removed during the early periods of exposure indicated that certain alloy steels had improved corrosion resistance over ordinary irons and steels. Consequently, specimens representing a greater variety of alloy irons and steels were installed at the sites at intervals during the course of the exposure tests. The condition of the specimens removed from the various sites after successively longer periods of exposure has been described in a series of progress reports, and in 1950 a final report on the specimens buried in 1932 was published [I] . 1 The present report contains the results of measurements of weight loss and pitting on samples of 10 varieties of irons and steels that were exposed in 1937 and removed from the test sites after five periods of exposure, ranging from 2-to 13-yr duration. The properties of the soils at the test sites, the installation of the specimens at the sites, and the methods used in cleaning the specimens removed prior to 1946 are described in earlier papers [1, 2] . Specimens subsequently removed were cleaned by immersion in fused sodium hydride [3] .
Description of the Materials
The specimens were in the form of plates 12 in. long and 25 in. wide, ranging in thickness from 0.175 to 0.265 in. The compositions of the materials are given in table 1.
Results of the Exposure Tests
The corrosion of the different materials in typical soils is illustrated in figures 1 and 2. Each of the four environmental groups based on aeration is represented as follows: good aeration, soil 55; fair aeration, soil 66; poor aeration, soil 61; and very poor aeration, soil 56.
The extent of corrosion damage was determined from the loss in weight of the specimens as a result of the exposure, and from the depths of the deepest pits. The results of these measurements for the different periods of exposure are given in tables 2 and 3. Unless indicated otherwise, these values are the averages of measurements on two specimens. The exposure periods did not differ from the average values given in the tables by more than 5 percent.
A number of the specimens exposed for the longer periods in the more corrosive soils were perforated by pitting. Because the depths of the pits producing these perforations would obviously have been greater after successively longer periods of exposure if thicker specimens had been used, some adjustment of the values for pitting of the perforated specimens was desirable. An approximate adjustment was made by multiplying the average penetration of the perforated specimens by the pitting factor, defined as the ratio of the maximum to the average penetration. Denison and Hobbs [4] showed that the pitting factor of plain irons and steels decreased with time during the early periods of exposure underground but became approximately constant after exposures for 6 to 8 yr. The value of the pitting factor was con- • Data for the individual specimens differed from the average by more than 50%.
/ Average of 8 specimens. 0 Numbers in parentheses are pit depths adjusted for perforation by multiplying the average penetration by the pitting factor (see text).
* The mill scale was not removed from these specimens.
sidered by Denison and Hobbs to be characteristic of soils and Logan [2] showed that it varied directly with the aeration. Adjusted values of pit depths recorded in table 3 are enclosed in parentheses.
The over-all behavior of materials and the effect of the various alloying constituents on the corrosion of iron and steel in the soils is indicated by the weight loss and pit depth-time curves shown in figures 3 and 4. In preparing these curves, the values for weight loss and pit depth for each material in all of the soils, except 51, 2 were averaged for each period of exposure. The logarithms of these average values were then plotted against the logarithms of the periods of exposure.
The curves shown in figure 3 and 4 conform to the equations P=kT
wnere P is the depth of the deepest pit at the time T and T^is the weight loss at the time T.
Converting to logarithms, log P=n log jT+log k log W=u log T+log k'.
Hence n(u) is the slope of the line and k(k') is the intercept on the log P(W) axis. Equations 1 and 2 were derived originally by Logan, Ewing, and Denison [5] , and by Martin [6] , respectively.
The constants of the equations, expressing the initial corrosion rate of the materials and the change in the rate with time, were calculated by the method of least squares for each material in each soil. By means of these constants, values of the average weight loss and pitting of each material in all of the soils were calculated for the maximum periods of exposure. These values, together with the constants of the equations and their standard errors, are tabulated in table 4 .
In order to estimate the probability that the weight loss or pitting of each material was significantly different from the corresponding values for plain steel, taken as the reference material, the standard £-test was applied, and from the calculated values of t, the probability of the differences being due to chance was obtained [7] .
The weight loss and pitting data for the coppermolybdenum open-hearth irons O and N and for the nickel-copper steels J and B, presented in figure 3 and in table 4 show that these alloys corroded slightly less than the plain steel A. However, the probability is high that several of the observed differences are due to chance. Because mill scale was not removed from the specimens of steel B before burial, the data recorded for this steel cannot be taken as truly representing the effect of additions of 2 percent of nickel and 1 percent of copper on the corrosion of steel in these soils.
» The data for the specimens in soil 51 were omitted because data were available or two periods only.
The average depths of the deepest pits on these materials, given by the values of the constant k (^-intercept), indicate that the low-alloy steels had a greater initial pitting rate than the plain steel. However, as the exposure increased, the rate of pitting of the alloy steels diminished more rapidly than the rate for the plain steel so that after 13 yr the order of the materials was reversed.
The weight loss and pit depth data for the group of chromium and chromium-molybdenum steels, C, KK, D, E, and H, ( fig. 4 and table 4 ) exhibit similar but somewhat greater effects of the alloying constituents than the copper-molybdenum and coppernickel irons and steels. Chromium reduced the weight losses in a fairly regular manner, but increased the initial pitting rates of the steels. However, the rates of pitting of the alloy steels decreased more rapidly with time than the rate for plain steel.
The separate effects of chromium and molybdenum on the pitting of steel are difficult to determine because the chromium steels also generally contain molybdenum. It will be observed that steels C and D, containing 1 and 5 percent of chromium, respectively, had pits of about the same depth. Within this range chromium alone in excess of 1 or 2 percent does not appreciably increase the resistance of the material to pitting. On the other hand, the influence of molybdenum in reducing pitting is quite definite because all of the chromium steels containing molybdenum, KK, E, and H, had shallower pits than the straight chromium steel D.
The pit-depth-time curves, figures 3 and 4, indicate that the change in the rate of pitting with time depends on the composition of the steel. In general, the greater the amount of nickel, chromium and molybdenum in the steels, the greater was the change in the rate of pitting of the steels with time. It may be assumed that the alloying constituents induced the formation of corrosion products, which were effective in diminishing the rates of pitting of the alloy steels with time. The results of a previous study of the effect of corrosion products on the rate of pitting of steel [8] suggests a probable explanation for the observed differences in corrosion rate. In that study it was observed that in soils in which the corrosion products of ferrous metals diffused outward into the soil, the rate of pitting changed relatively little with time, but in soils in which the corrosion products remained in close contact with the corroding surface, the rate of pitting diminished with time, often becoming negligible after relatively short periods of exposure.
The conclusions that can be drawn from the data in table 4 and in figures 3, 4, and 5 are necessarily limited because these data indicate only the average behavior of the materials under a wide variety of environmental conditions. Whether a particular alloy is more resistant to corrosion than plain steel in a specific soil environment obviously cannot be predicted from these average values. Although the average rates of pitting of the alloy steels decrease more rapidly than the pitting rate of plain steel, it should be recalled that this effect is a consequence of the environment as well as of the material. For example, in a very poorly aerated soil, corrosion products would tend to diffuse and migrate outward into the soil rather than to form protective layers enclosing pits. Under such conditions, the higher initial rate of pitting of the alloy steels would tend to be maintained.
For comparison of the behavior of the materials under different environmental conditions, the corrosion data for the soils classified according to aeration (tables 2 and 3) were calculated on a relative basis for each material for all periods of exposure, the weight losses and pit depths of the reference steel A being taken as 100 percent. The averages of these values for all periods and for all soils in the same environmental groups are given in table 5. Because the data for soil 51 are incomplete, they were not included in calculating the relative values.
The relative corrodibility of the low-alloy irons and steels as measured by weight loss was not affected appreciably by differences in the aeration of the soils. However, the 4-to 6-percent chromium steels were deeply pitted in all of the very poorly aerated soils, except cinders. These steels had higher initial rates of pitting than plain steel, but the rates decreased considerably with time in most of the soils. In the poorly aerated soils, however, this high rate of pitting continued throughout the exposure period, probably because conditions were not favorable to the formation of tubercles, which would have diminished the pitting rate. In contrast is the behavior of these steels in cinders (table 3 and fig. 5 ), where the initial pitting of all the steels was about the same. The pitting of the plain steel continued at a high rate for the entire exposure period, but most of the pitting of the 4-to 6-percent chromium steels occurred during the first 4 yr of the test, there being only slight increases in pit depth of these steels after that time. This is even more marked in the case of the steels containing molybdenum in addition to chromium (E and H), in which there was practically no additional pitting after the first 4 yr.
Steels containing copper and molybdenum also show more resistance to pitting in cinders after 4 yr of exposure than the plain steel, although to a lesser extent than the 4-to 6-percent-chromium steels.
Summary
This report contains the results of measurements of corrosion made on several low-alloy irons and steels after exposure to different soils for periods up to 13 yr. Empirical equations fitted to weight loss and pit-depth-time curves permitted the initial rates of weight loss and pitting and the change in these rates with time to be evaluated. The general effect of the alloying elements was to reduce the initial rate of corrosion of the alloys as measured by weight loss but to increase the initial rate of pitting. Except in very poorly aerated soils, the rate of pitting of the alloy steels diminished more rapidly with time than the rate of pitting of plain steel, with the result that the maximum depths of pits after the maximum period of exposure were less on the alloy steels than on the plain steels. Chromium was observed to have the most pronounced effect on weight loss, but for maximum reduction in pitting, molybdenum also was necessary. Chromium and molybdenum were particularly effective in reducing the corrosion of alloy steels exposed to cinders.
The field tests described in this paper were planned and installed, and until 1946 were conducted under the supervision of K. H. Logan.
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• W=IST« 1 _P=kT n , where W\s the weight loss at the time T, and P is the depth of the deepest pit at the time T. 
